Polycystic kidney diseases (PKDs) are a group of inherited nephropathies marked by formation of fluid-filled cysts along the nephron. Growing evidence suggests that in the kidney formation of cysts and alteration of cystic electrolyte transport are associated with purinergic signaling. PCK/CrljCrl-Pkhd1pck/CRL (PCK) rat, an established model of autosomal recessive polycystic kidney disease (ARPKD), was used here to test this hypothesis. Cystic fluid of PCK rats and their cortical tissues exhibited significantly higher levels of ATP compared to Sprague Dawley rat kidney cortical interstitium as assessed by highly sensitive ATP enzymatic biosensors. Confocal calcium imaging of the freshly isolated cystic monolayers revealed a stronger response to ATP in a higher range of concentrations (above 100 μM). The removal of extracellular calcium results in the profound reduction of the ATP evoked transient, which suggests calcium entry into the cyst-lining cells is occurring via the extracellular (ionotropic) P2X channels. Further use of pharmacological agents (α,β-methylene-ATP, 5-BDBD, NF449, isoPPADS, AZ10606120) and immunofluorescent labeling of isolated cystic epithelia allowed us to narrow down potential candidate receptors. In conclusion, our ex vivo study provides direct evidence that the profile of P2 receptors is shifted in ARPKD cystic epithelia in an age-related manner towards prevalence of P2X 4 and/or P2X 7 receptors, which opens new avenues for the treatment of this disease.
Autosomal dominant and recessive polycystic kidney diseases (ADPKD and ARPKD, respectively) are genetic disorders characterized by the development of renal cysts from tubular epithelial cells. ADPKD is caused by mutations in the PKD1 or PKD2 genes, which encode polycystins 1 and 2, membrane proteins involved in the regulation of cell proliferation that form a Ca 2+ -permeable cation channel [1] . ARPKD is a result of mutations in PKHD1, a gene encoding fibrocystin, which is a protein capable of interacting with the polycystin-1/2 complex [2] . Development of PKDs is a complex process which depends on inherited and acquired factors of cystogenesis, i.e., the balance between mutant protein expression and reactivity of the epithelia with surrounding tissues determines severity of disease complications [3] .
In recent years, P2 (purinergic) receptors have been proposed to be potential targets for the treatment of various cardiorenal disorders with the use of P2 subtype-selective pharmacological tools [4] [5] [6] . A panel of studies report that P2X signaling is an important pharmacological target in hypertension; polymorphisms in P2X receptors reduce the risk of cardiovascular effects in humans [7, 8] . However, little is known about purinergic signaling in renal cyst epithelium, which is characterized by loss of polarity, dedifferentiation, and other abnormalities which can lead to purinergic signaling remodeling [9, 10] . This phenomenon has been the focus of recent comprehensive reviews [11, 12] due in no small part to reported high ATP concentrations in cystic fluid [13, 14] compared to normal nephron ATP concentrations [15] . Under normal conditions, ATP is a powerful regulator of epithelial transport and renal hemodynamics; it acts through metabotropic P2Y and ionotropic P2X receptor families [16] [17] [18] [19] [20] [21] . G protein-coupled P2Y receptors were shown to mediate ATP-induced release of Ca 2+ from intracellular stores [22] [23] [24] . P2X family receptors are non-selective ion channels, permeable for Ca 2+ ions, and characterized by high affinity to extracellular ATP, which also makes them critical for controlling calcium-dependent intracellular mechanisms [4] .
There is evidence that both P2Y and P2X receptors are potentially involved in different models of cystogenesis [11, 12] . P2X 7 , P2Y 2 , and P2Y 6 receptors were highly expressed in a Han:SPRD cy/+ rat model of ADPKD [25] . Additionally, P2X 7 agonists have been shown to be able to modulate the development of renal cysts in an in vitro model of cyst formation derived from the cpk/cpk mouse [26] . Finally, it was shown that inhibition of P2X 7 receptors with antagonist A438079 or through morpholino-mediated knockdown of P2RX7 strongly regulates cyst development in the pkd2 knockdown zebrafish model of PKD [27] . We and others also recently reported the abnormal effects of ATP in cystic tubules isolated from PCK rats compared to normal tubules from Sprague-Dawley (SD) rats [28, 29] .
The goal of this study was to profile P2 receptors in freshly isolated cysts from PCK rats using available pharmacological tools. Here, we characterized P2 signaling in ARPKD renal cysts to determine potential targets for pharmacological treatment of PKD. PCK rats, derived from the SD strain, carry a mutation in the Pck gene, the orthologous gene for human PKHD1, and serve as a well-established model of ARPKD [30, 31] . Pharmacological screening, calcium imaging, and immunostaining in the ex vivo preparation (freshly isolated ARPKD cystic epithelia) were employed here to test P2 receptor profiles using ATPinduced calcium response. Our data revealed the that highly expressed P2X receptors, P2X 7 and P2X4, play a crucial role in ATP signaling in cystic epithelia. The downstream signaling cascade mediated by the corresponding purinergic channels may play an essential role in the development of cysts and progression of ARPKD.
Materials and methods

Animals
Male Sprague-Dawley and PCK rats (PCK/CrljCrl-Pkhd1pck/ Crl) were purchased from Charles River. Animal use and welfare adhered to the NIH Guide for the Care and Use of Laboratory Animals following a protocol reviewed and approved by the IACUC at the Medical College of Wisconsin. Animals were maintained in a standard 12/12 dark/light cycle with water and food (no. 5L0D, LabDiet, St. Louis, MO) provided ad libitum.
Tissue harvesting and processing
Kidneys were flushed with PBS to remove blood as described previously [32] . Cystic monolayers were isolated from large developed cysts by microdissection under a dissection microscope and immediately used for experiments.
ATP level measurements in the kidney
In this study, microenzymatic ATP-sensitive biosensors (Sarissa Biomedical Limited, Coventry, UK) were used for the detection of ATP concentrations. Real-time extracellular ATP concentrations from kidneys of 10-12 weeks old SD and PCK rats were measured using amperometry detection in biosensors inserted into the kidney as described earlier [32, 33] . Microelectrode biosensors were inserted in the cortical tissue of freshly isolated kidneys or immersed in collected cystic fluid. For the collection of cystic fluid, full-size kidneys were snap-frozen in plastic vials, which were put into liquid nitrogen immediately after the tissue was harvested. Next, cortical cystic fluid was collected from kidney slices under binoculars using fine forceps (kidney slices were cut with a fine sharp blade and kept on dry ice to prevent collected frozen fluid from thawing). Frozen cystic fluid was immediately put into pre-chilled vials and frozen at − 80°C until further analysis.
Calcium imaging in isolated cysts
At the age of 16 weeks, rats were euthanized and their kidneys were flushed, harvested and cut to 1-1.5-mm-thick slices. The internal monolayer of the cyst-lining cells was manually microdissected and attached to a cover glass as described earlier [29] . Samples were incubated with 3.5 μM Fluo-8 dye (no. 21091 AAT Bioquest, Sunnyvale, CA) in presence of 0.05% pluronic acid (no. F-68, Sigma, St. Louis, MO), then rinsed and imaged via confocal laser-scanning fluorescence microscopy with a Leica TCS SP5 system (IRAPO 25x, NA 0.95 objective lens). The bath solution contained (in mM) 145 NaCl, 4.5 KCl, 2 MgCl 2 , 2 CaCl 2 (except for calcium-free experiments), and 10 HEPES (pH 7.35). Treatment with pharmacological agents targeting P2 receptors was performed as described in Table 2 . The basal calcium level in the cystic epithelium was evaluated by the application of 10 μM ionomycin followed by 1 mM MnCl 2 . ATP was obtained from Sigma (St. Louis, MO; no. A2383). P2 receptor modulating compounds were obtained from Tocris/Bio-Techne (Minneapolis, MN): α,β-meATP (no. 3209), 5-BDBD (no. 3579), NF 449 (no. 1391), AZ10606120 (no. 3323), and isoPPADS (no. 0683) and diluted according to manufacturer's guidelines.
Western blotting
Kidney cortical lysates were prepared as previously described [34] . The PCK rat kidneys were excised and cut into 1-2 mm slices under a dissecting microscope with × 6 magnification. The approximate apical kidney cortex sections were carved and then diced into small pieces with a razor blade. Samples were pulse sonicated in Laemmli buffer with a protease inhibitor cocktail (Roche) for 10 s and spin cleared at 10,000×g for 10 min. The resulting supernatant was subjected to PAGE, transferred onto nitrocellulose membrane (Millipore) for probing with P2X 4 and P2X 7 antibodies (1:1000; Alomone, APR-002 and APR-008, correspondingly), and subsequently visualized by enhanced chemiluminescence (ECL; Amersham Biosciences).
Histochemistry
Formalin-fixed kidney sections were cut into 4 μm slices, dried and deparaffinized for subsequent streptavidin-biotin immunohistochemistry. After deparaffinization, the slides were treated with a citrate buffer (pH 6) for a total of 35 min. The slides were blocked with a peroxidase block (DAKO, Carpinteria, CA, USA), Avidin Block (Vector Labs, Burlingame, CA, USA), Biotin Block (Vector Labs), and serum-free Protein Block (DAKO). For P2Y 2 and P2X 7 staining, kidney sections were embedded in one paraffin block for tissue microarrays and slices were incubated 1:200 overnight with antibodies (P2Y 2 : Alomone APR-010, P2X 7 : Alomone APR-008).
Immunofluorescence and imagining
Freshly isolated cysts were stripped of adventitia and allowed to adhere to microscopy slides double-coated with poly-L-lysine. Sectioned tissue was fixed with chilled 4% paraformaldehyde in PBS for 20 min, then washed 5× with ice-cold PBS. Next, cells were permeabilized with a 2% bovine serum albumin + 0.1% Triton-X100 PBS solution for 30 min and washed 5× with chilled PBS. Cyst sections were probed with primary antibody (1:100) overnight in a 2% BSA-PBS solution at 4°C (P2X 4 :Alomone APR-002, P2X 7 : Alomone APR-008, AQP2: Santa Cruz sc-9882). The following day, tissue sections were washed 5× with cold PBS and incubated with appropriate Alexa fluorophore-labeled secondary antibodies (1:500, ThermoFisher, Pittsburgh, PA) in a 2% BSA-PBS solution at room temperature in the dark. Following 5 PBS washes, cysts were incubated with 1 μg/mL Hoescht nuclear stain in PBS for 10 min at room temperature in the dark. After a final 5 washes with PBS, tissue was preserved and coverslipmounted with Vectashield (Vector Laboratories, Burlingame, CA). Images were captured on a confocal Nikon A1R inverted microscope using a Plan Apo 60× Oil DIC objective with 1.4 numerical aperture controlled by Nikon Elements AR software (Nikon, Tokyo, Japan).
RNA isolation and PCR analysis
Sections of whole kidney were flash frozen in liquid nitrogen. Total RNA was extracted using TRIzol Reagent (ThermoFisher) according to the manufacturer's protocol. Total RNA quantity was determined by Nanodrop 2000 (ThermoFisher), and cDNA from 1 μg of RNA was synthesized using the RevertAid First-Strand cDNA Synthesis Kit (ThermoFisher). SYBR Green real-time PCR reactions were carried out on an ABI Prism 7900HT (ABI, Applied Biosytems, Foster City, CA) using Bullseye EvaGreen qPCR Master Mix (MedSci, Valley Park, MO) according to the manufacturer's directions in 10 μL final volume with samples run in triplicate. Exon spanning primers were designed from the rat sequences of P2rx4, P2rx7, and 18S (SigmaAldrich) ( Table 1) and assessed for specificity by sequencing the PCR product. Negative controls for the reverse transcription reactions were included to confirm the absence of genomic DNA. Final Ct values were determined using SDS software, version 2.3, and quantification of P2rx4 and P2rx7 mRNA copy number was determined by normalizing to 18S.
Statistical methods
Data are presented as mean ± SEM. Following normality and equal variance tests, data were compared using the t test or one-way ANOVA with Tukey comparison of means. P < 0.05 was considered significant.
Results
ATP level in rat cortical tissues and cystic fluid
It was previously proposed that the purinergic signaling axis is disturbed in ARPKD, although no exact mechanism or any direct proof of the involvement of this type of signaling in the development of the disease has been discovered so far. High micromolar concentrations of ATP were detected in the fluid from microdissected human ADPKD cysts, and enhanced ATP exocytosis from an ARPKD epithelial cell model has been shown [14] . Here, we compared the levels of ATP in the cortex of the freshly isolated SD and PCK rat kidneys using an enzymatic biosensors approach, which allows detecting a wide range of ATP concentrations [35] . Microenzymatic biosensors were inserted either in the cortex of the whole freshly isolated kidney or immersed into the cystic fluid. The detected concentrations of ATP were more than five times higher in PCK rat cortex (211 ± 55 vs 1082 ± 147 nM for SD and PCK cortex tissue correspondingly), and up to ten times for isolated cystic fluid (2078 ± 391 nM), compared to normal SD cortex (Fig. 1 ).
Calcium transients evoked by purinergic agonists in isolated ARPKD cysts
To test calcium handling and response to ATP [36] in the ARPKD cystic epithelia, we manually isolated cystic epithelial monolayers from the PCK rat kidney cortex, loaded them with a fluorescent calcium dye (Fluo-8) (see Fig. 2a for a representative image of the Fluo-8 loaded monolayer of cystic cells), and performed confocal calcium imaging. First, we assessed the basal calcium level in the cystic epithelium using a standard ionophore/MnCl 2 approach [36] (Fig. 2b) ] i and whether it is ionotropic P2X or metabotropic P2Y receptors that account for the calcium level change in response to ATP. To address this question, we applied a high concentration of ATP (200 μM) to the cystic monolayers in the absence or presence of 2 mM CaCl 2 in the bath solution; calcium transients in the calcium-free solution were significantly blunted compared to calcium-containing solution (the maximum response was 0.14 ± 0.06 versus 0.60 ± 0.08 a.u., respectively; Fig. 2c ). The area under curve (AUC), which accounts for the total calcium release, was also dramatically decreased in the absence of calcium (11.6 ± 0.8 versus 22.3 ± 1.8 a.u). Therefore, we hypothesized that the major component of the calcium elevation in response to ATP is mediated via ionotropic P2X receptors.
Application of various concentrations of ATP in the calcium-containing solution demonstrated that this effect was dose-dependent and further allowed us to establish a specific concentration for subsequent imaging experiments involving pharmacological modulators of purinoceptors activity. Use of lower concentrations of ATP (20 and 80 μM) resulted in small calcium transients, whereas 200 μM of ATP caused a robust increase in calcium influx (Fig. 3a) (three cystic monolayers were tested in each group from three different rats). According to the published ATP concentration dependence for the rodent P2X receptors [37] , P2X 4 and P2X 7 have the closest ATP dose response characteristics to those described in the current literature, as they respond to higher ATP concentrations. We further conducted control experiments to ensure that the response to ATP is sustained after the washout, and it is feasible to perform pharmacological testing. Figure 3b demonstrates a response of the same cystic monolayer to three consecutive applications of ATP image with sensors' tips inserted into a cortex of the freshly isolated kidney from PCK rat. b ATP concentrations were detected using enzymatic biosensors in the cortical tissues of the freshly extracted kidneys from PCK and SD rats and isolated cystic fluid from PCK rats (N = 4 rats for each group) to ATP: 1.01 ± 0.07 during the first application of ATP, 0.9 ± 0.08 and 1.04 ± 0.09 a.u. after the first and second washouts, respectively; 5 cystic monolayers were tested from 3 different rats). α,β-Methylene adenosine 5′-triphosphate (αβmeATP), a phosphonic analog of ATP and a common agonist of the P2X receptors, was further used to detect specific P2 receptors involved in elevation of [Ca 2+ ] i in cystic cells. αβmeATP has the EC 50~1 μM for P2X 1 and P2X 3 and~1000-fold less potent for P2X 2 and P2X 4,5,6,7 receptors [38] [39] [40] . Similarly to ATP, high concentrations of αβmeATP (~400 μM) were required for the elevation of [Ca 2+ ] i in the cystic monolayer (Fig. 4a) 
There are two potential P2X receptors, P2X 4 and P2X 7 , with a low affinity to both αβmeATP and ATP [5, 41, 42] . Figure 4b also shows that the [Ca 2+ ] i transient was reduced in response to αβmeATP compared to ATP, and that amplitude of the response to ATP was reproducible following the washout of αβmeATP (5÷8 cystic monolayers were tested in each group from 4 different rats). Summary data for the high agonist concentrations (200 μM) are shown in Fig. 4c . The amplitude of the response to ATP was significantly higher than response to αβmeATP. However, total Ca 2+ production (as represented by AUC) did not reach statistical difference due to the slow transient decay of abMeATP transient.
Pharmacological screening of the P2 receptor profile in freshly isolated cystic epithelia
To further study the profile of P2X receptors in cystic cells, we tested [Ca 2+ ] i transients in response to ATP in the presence of various pharmacological modulators of the ionotropic purinoceptors (see Table 2 for the list of used agonists and antagonists). The same experimental design was used in all the conducted experiments: first, an application of ATP in a high micromolar range was performed to establish the control level of the response. Then, during the washout period (15 min), the drug was added to the bath solution, and incubation was performed. Next, the same concentration of ATP was applied to the cystic monolayer in the presence of antagonist. Following a second washout, ATP was applied again to test the reversibility of the response. As shown in control experiments on Fig. 3b , three consecutive applications of ATP are feasible (following the washouts) and produce comparable responses.
In order to confirm our initial observations suggesting P2X purinoceptors are the primary receptors mediating ATP- induced calcium transients, we employed isoPPADS (a nonselective P2X antagonist). As seen in Fig. 5a , isoPPADS resulted in a blunted response to ATP compared to control (the AUC (total calcium release) were 30.1 ± 0.9, 22.2 ± 1.8 and 19.5 ± 3.2 a.u., 3 cystic monolayers; 11÷15 cells/ROIs analyzed per each transient from 3 different rats) in control, after incubation with isoPPADS, and after the second washout, respectively. Notably, from the P2X family, rat P2X 4 purinoreceptor is only P2X receptor relatively insensitive to PPADS (although it is able to fully inhibit mouse and human receptors with pIC 50~5 ) [43] .
To narrow down the list of candidate P2X receptors, we tested NF449 (a potent purinergic receptor antagonist that displays high selectivity for P2X 1 ) (IC 50 values are 0.28, 0.69, 1.20, 1.820, 47.000, and > 300.000 nM for P2X 1 , P2X 1 + 5 , P2X 2 + 3 , P2X 3 , P2X 2 and P2X 4 receptors, respectively). The tested concentration of 40 μM did not result in any decrease in the ATP-mediated calcium transient (Fig. 5b) ; in the tested concentration, NF449 did not exert any effects on P2X 4 or P2X 7 (4 cystic monolayers, 11÷15 cell/ROIs analyzed per each transient, from 4 different rats); these data suggest that the observed response to ATP is likely mediated via one or both of these two receptors. Next, to specifically assess the role of P2X 7 in the ATP-mediated calcium influx, we employed AZ10606120, which is a potent P2X 7 receptor antagonist. [44] As seen from Fig. 5c , application of AZ10606120 (10 μM) resulted in a bunted calcium response to ATP (32.4 ± 2.2, 13.5 ± 6.4, and 11.1 ± 3.1 a.u. of total calcium release in control, after incubation with AZ10606120, and after washout, respectively; P < 0.05 ANOVA; for 4 cystic monolayers, 11÷15 cells/ROIs analyzed per each transient, from 4 different rats), which corroborates the hypothesized role of P2X 7 in cyst development. The summary of the changes in the [Ca 2+ ] i transient amplitude for the applied agonists/ antagonists of purinergic signaling are shown at Fig. 5d (1.0 ± 0.16; 0.42 ± 0.07; 0.96 ± 0.08 and 0.66 ± 0.14 for the ATP, isoPPADS, NF449, and AZ10606120).
In order to reveal the involvement of P2X 4 in calcium influx, we tested the effect of 5-BDBD (5-(3-bromophenyl)-1,3-dihydro-2H-benzofuro[3,2-e]-1,4-diazepin-2-one), a wellknown potent antagonist of this purinoreceptor. Incubation with 5-BDBD resulted in reduction of the response to both ATP (Fig. 6a) and αβmeATP (Figs. 6b) , and the observed block was not reversed by a washout. The maximum amplitude of the response after incubation with 5-BDBD was reduced from 0.71 ± 0.06 to 0.27 ± 0.04 and from 1.1 ± 0.07 to 0.22 ± 0.05 a.u. in response to ATP and αβmeATP, respectively (P < 0.05 ANOVA; for 9 cystic monolayers (9÷13 cells/ ROIs analyzed per each transient, from 7 different rats for each drug). The summary of the changes in the [Ca 2+ ] i transient amplitude for the applied purinergic agonists/5-BDBD are shown at Fig. 6c (1.0 ± 0.16, 0 .33 ± 0.08, 0.25 ± 0.03 and 0.11 ± 0.05 for the ATP, αβmeATP and ATP or αβmeATP in the presence of 5-BDBD-right panel). These data allowed us to conclude that in addition to P2X 7 , P2X 4 is an ionotropic receptor involved in handling of ATP-mediated calcium influx in cystic epithelium.
To detect changes in the expression of identified P2X receptors, we performed Western blot and RT-PCR analyses from samples of the kidney cortex of 5, 12, and 40 weeks old PCK rats when cysts are in the initial stage of development or later in the progression of disease. The expression of both P2X 7 and P2X 4 receptors increased significantly during the progression of ARPKD (Fig. 7) . Moreover, immunostaining and fluorescence microscopy of isolated cystic epithelia showed strong localization of both types of receptors at the plasma membrane (Fig. 8a, b) . In contrast, these receptors were absent in the cells of cystic microvessels (Fig. 8c) . Finally, immunohistochemical staining in the kidney confirmed strong expression of P2X 7 receptors in cystic cells, while P2Y 2 , metabotropic receptors typically expressed in cortical collecting ducts, is observed in small, early cysts and healthy tubules, but not in larger cysts (Fig. 8d) .
Discussion
The therapeutic potential of targeting P2 pathways in polycystic kidney diseases has recently been attracting research interest. P2 signaling is tightly bound to regulation of epithelial ion and water transport, which is recognized as a major factor mediating cystic fluid accumulation and cyst progression. It is well known that the expression of purinergic receptors in different tissues including kidney epithelia is dynamic and depends on age, disease states, and other factors [45] . In normal tubules, ATP downregulates sodium reabsorption [21] via inhibition of epithelial Na + channel (ENaC) through the purinergic P2Y metabotropic receptors cascade [46] . This could result in an increase of transepithelial fluid secretion, driven by active Cl − transport [47] . The cyst-lining cells exhibit impaired ENaC-mediated Na + reabsorption [48] and active fluid secretion driven by the Cl − transport [49, 50] . Fluid secretion was also found to depend on extracellular ATP in MDCK cell culture and to act synergistically with purinergic signaling. This was confirmed by either the addition of ATP scavenger apyrase or P2 receptor blocker suramin [51] . Previously, it has been proposed that the purinergic signaling axis is disturbed in ARPKD, although there is no exact mechanism known and no specific research has been conducted to confirm of the involvement of this type of signaling in the development of the disease. Micromolar concentrations of ATP were detected in the fluid from microdissected human ADPKD cysts, and enhanced ATP exocytosis from ARPKD epithelial cell model has been shown [13, 14] . Moreover, degradation of ATP released from the cystic epithelia could take hours (with only 50% of the initial ATP concentration being degraded after approximately 4 h) [14] . This mechanism of slow ATP degradation in ADPKD cells could be due to reduced expression of CD39 as was shown previously [52] . Here, we compared the concentration levels of extracellular ATP in the cortex of freshly isolated SD and PCK rat kidneys using a novel enzymatic biosensors approach, which is a realtime measurement capable of detecting the full physiological range of ATP in tissues [32, 33] . These experiments allowed measurement of ATP in freshly isolated preparations of whole rat kidney. Our results demonstrate that concentrations of ATP were higher in PCK rats, compared to normal SD cortex (Fig.  1) proving that ATP concentrations are significantly increased in the ARPKD animals compared to the controls. This finding supports the idea that the P2 signaling axis in cystic cells is altered and warrants further experiments. We used a unique preparation of the cystic epithelium freshly isolated from the PCK rat cysts and employed calcium imaging with a set of pharmacological modulators to determine the presence and functional role of purinergic receptors in the cystic epithelial cells. The involvement of P2Y receptors in calciumdependent chloride secretion was shown previously in cultured collecting duct cells [53] . However, initial experiments in freshly isolated cystic monolayers revealed sensitivity to high ATP concentrations, low calcium release form intracellular stores, and sustained response to P2X receptor activator αβmeATP, which demonstrates a modest contribution of the P2Y component in the cystic cell response to ATP. Further, the combination of pharmacological tools and calcium imaging allowed us to narrow down the cystic P2 profile to P2X 4 and/or P2X 7 receptors.
The release of ATP is the key element of the purinergic signaling system. Kidney cells, including renal tubular cells, are capable of releasing physiologically relevant amounts of ATP in response to different stimuli including mechanical (blood pressure) or hormonal (such as vasopressin) changes [33, 54] . It is well established that ATP and its metabolites can stimulate Cl − secretion across epithelia derived from airway, gastrointestinal, and renal tissues [14, 55] . The abnormally potentiated ATP -dependent signaling, which could be a potential mechanism of cyst growth and expansion [14, 56] . Under normal conditions, P2Y 2 receptors stimulate cystic fibrosis transmembrane conductance regulator (CFTR) Cl − secretion and reduce ENaC Na + reabsorption [45] . As we discussed previously [12] , significant increases in mRNA and protein expression levels of P2X 7 , P2Y 2 , and P2Y 6 receptors throughout disease progression were detected in a Han:SPRD cy/+ rat model of ADPKD [25] . We also found a strong increase in P2X 4 , in addition to P2X 7 , which was not tested in the Han:SPRD cy/+ rats. Our calcium data, as well as IHC staining, however, shows the absence of P2Y 2 receptors in the developed cystic epithelia. During the development of pathologies such as ARPKD, however, P2X 4 and/or P2X 7 receptors may become main regulators of secretion in conjunction with purinergic agonists or hormones. Importantly, the P2X receptors are non-specific cation channels that allow movement of Ca
2+
, Na + , and K + ions along electrochemical gradient. In contrast, P2Y receptors do not actively transport ions, but rather trigger downstream signaling cascades that affect ion transport indirectly. Both P2X 4 and P2X 7 receptors can have relatively high calcium permeability, and under prolonged agonist exposure, P2X 4 and P2X 7 receptors can become permeable to large organic cations such as NMDG [38] , which might also contribute to cyst development.
Previous work has shown that the P2X 4 receptors (expressed in renal epithelia) are strongly linked to the regulation of epithelial sodium transport and particularly ENaC activity [57] . Interestingly, it was reported that activation of purinergic cascades could lead to either activation or inhibition of ENaC, depending on the localization of the P2X 4 receptor (on the basolateral or apical membrane) [4] . We have previously shown that impaired ENaC activity contributes to cytogenesis [48] , and thus apical expression and activation of P2X 4 could be involved in PKD progression.
Several studies also suggested that P2X 7 receptor is a potential target for treatment of PKD. Hillman and colleagues demonstrated a non-apoptotic role for P2X 7 in cyst enlargement in cpk/cpk mice [26] . In vitro experiments revealed reduced cystogenesis in cell culture in the presence of bzATP, a non-specific P2X 7 agonist [58] . In additional studies, a morpholino-driven knockout of p2rx7 in zebrafish was shown to have a beneficial effect in embryos developing cyst-like formations in pronephros [27] . In non-cystic cortical duct cells, P2X 7 receptors have been found to be involved in production of endothelin-1, a powerful tubular transport regulator [59] [60] [61] . It is important to note that of all members of the P2X family, P2X 7 and P2X 4 are the most closely related, with a 49.8% similarity in amino acid sequence in rat [4, 62] . Moreover, they can form functional heteromeric channels [63] or regulate expression of each other in the kidney, where knockout of one of them inhibits the expression of the other [4] . However, it does not exclude the possibility that in pathological conditions blockade or knockout of either P2X 7 or P2X 4 may result in compensatory overexpression of the other.
In conclusion, our experiments demonstrate the significant involvement of the P2X 4 and P2X 7 signaling axis in the Fig. 7 Expression of P2X 7 and P2X 4 receptors in the cortex of PCK rats during the development of cytogenesis. Average relative density analysis for Western blotting (N ≥ 8) and mRNA levels (N ≥ 6) of P2X 7 (a) P2X 4 receptors (b), and corresponding for the P2X 7 receptor (normalized to loading controls) in the kidney cortex lysates of 5, 12, and 40 weeks old PCK rats. c Examples of the corresponding Western blotting (each line represents 1 rat) regulation of cytosolic calcium levels in cystic epithelia. Our ex vivo study provides evidence that the P2 receptor profile is shifted in ARPKD cystic epithelia towards predominance of P2X receptor activity. Remodeling of the purinergic signaling axis in cystic cells (changes from metabotropic P2Y to ionotropic P2X receptors) occurring in ARPKD may lead to altered calcium influx in these cells, and subsequent changes in intracellular signaling cascades. Therefore, targeting P2X signaling in the ARPKD cysts (specifically, P2X 4 and/or P2X 7 ) opens new avenues for the treatment of this disease. Fig. 8 Intracellular localizations of P2X 7 and P2X 4 receptors in PCK cysts. Transmitted light images depict the epithelial cellular structure in cystic monolayers. Due to the thin, squamous nature of the epithelia, nuclear protrusions can occasionally be observed in the transmitted light. Freshly isolated cyst sections were fixed and probed for P2X 7 (green) and AQP2 (red) (a). Cells demonstrate distinctive membrane localization in classic Voronoi patterning for both P2X 7 and AQP2. b P2X 4 channels (red) are also targeted to the plasma membrane of cyst epithelia. c PCK cyst epithelia contain unique microvasculature. In this image, the intermingling microvessel can be observed by lack of P2X 4 staining and structural features in the transmitted light. Approximate outlines of the cystic and vessel regions are shown in the transmitted light image. d Polycystic kidneys were embedded in paraffin, sectioned, and probed for P2X 7 and P2Y 2 . Similar to the isolated cyst epithelial staining, P2X 7 is observed in cystic cells, while P2Y 2 are observed in small, early cysts, but not in larger cysts
